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Increased p-type conductivity in GaN x Sb 12x , experimental and theoretical aspects
I. INTRODUCTION
Dilute III-V-nitride semiconductors have recently received more attention due to their potential applications in optoelectronic devices. By substituting the group V-atom with low concentrations of nitrogen, large band gap reductions corresponding to wavelengths in the long or very long-wavelength infrared ranges have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The strong modification of the conduction band when dilute amounts of the host anion of the compound semiconductor is replaced is thought to be caused by N-induced states lying near to the conduction band minimum. [13] [14] [15] [16] [17] [18] [19] [20] [21] For the alloy GaN x Sb 1Àx , the band gap red shift is especially large. A 300 meV reduction was reported 1, [21] [22] [23] when incorporating 1% N into GaSb compared to the significantly smaller band gap reduction of 180 meV/% N for GaN x As 1Àx . 10 The 2-5 lm spectral range of the ternary alloy makes GaN x Sb 1Àx a suitable candidate for mid-infrared applications. The quaternary alloy Ga 1-y In y N x Sb 1Àx can in turn be lattice matched to GaSb having a range of applications such as long wavelength infrared sources. 24 In addition to a large band gap reduction, an increase in the residual hole concentration by two orders of magnitude, from 10 16 to 10 18 cm
À3
, has been reported when N is added to GaSb. 2, 9, 20, 23 The increased acceptor concentration is speculated to be caused by defect states in the material; however, conclusive results on this matter have not been published.
The binary compound gallium antimonide (GaSb) is an interesting material both from a device and from a fundamental point of view (for a review, see Ref. 25) . The material can be used in long wavelength technologies, high-frequency electronic devices, and optoelectronic devices. Undoped GaSb is always p-type with the residual hole concentration varying between 10 16 and 10 17 cm À3 depending on the growth method. 25, 26 The cause of the p-type conductivity has been studied using positron annihilation spectroscopy. [27] [28] [29] [30] [31] [32] [33] [34] [35] Positron annihilation spectroscopy is a non-destructive technique and a powerful method for studying neutral or negative open volume defects in solids. 36 Due to its charge, the positron experiences the absence of a positive nucleus as a potential well. Open-volume defects such as vacancies can therefore trap positrons before annihilation. The reduced fraction of positrons annihilating with core electrons leads to a narrowing of the Doppler broadened 511 keV positron-electron annihilation line compared to that of a defect-free bulk. The reduced electron density at an open-volume defect leads, in turn, to a longer positron lifetime. The positrons can also be localized at hydrogen-like Rydberg states around negative ions. Usually, the binding energy of such states is low enough for the positrons to detrap already at room temperature (RT).
Using positron annihilation lifetime spectroscopy on electron-irradiated Czochralski-grown GaSb, Ling et al., 27 and later Ma et al., 28 characterized two gallium vacancy (V Ga )-related defects with different microstructures. In the same reports, an acceptor related to the gallium antisite (Ga Sb ) was identified from photoluminescence and temperature dependent Hall measurements. This antisite was believed to be responsible for the p-type behaviour in GaSb. Kujala et al. 35 showed that the main defect responsible for the acceptor type behaviour in the bulk GaSb substrates is the Ga Sb and that these antisites compete with the Ga vacancies in trapping positrons well above RT. Using positron annihilation spectroscopy in Doppler broadening mode, molecular beam epitaxy (MBE)-grown GaSb:Bi layers were studied by the group at Aalto University. 34 The results indicated that for the MBE-grown epitaxial layers, the Ga vacancy plays a more significant role in the p-type conductivity and that the residual hole concentration could be caused by different defects in GaSb grown with different methods.
In this paper, we study the cause of the increased p-type conductivity in MBE-grown GaN x Sb 1Àx epitaxial layers using both positron annihilation measurements and ab initio calculations. In order to verify that lattice mismatches do not play a significant role in the positron trapping, epitaxial layers grown on both GaAs and GaSb are studied. In Sec. II, the methods employed in this paper are described along with the sample preparation. In Sec. III A, the experimental data from conventional and coincidence Doppler broadening measurements are analyzed. Calculations of momentum distributions of annihilating electron-positron pairs and binding energies for different defect structures are presented in Sec. III B. The interpretation of the results is discussed in Sec. III C, and in Sec. IV conclusions are presented.
II. METHODS

A. Experiment
Two sets of GaN x Sb 1Àx samples were grown by plasma assisted MBE. The first set was grown to a thickness of approximately 2 lm (1.5lm for the GaSb film) on semiinsulating GaAs (001) substrates at QinetiQ Ltd., Malvern, with the N content varied by changing the substrate temperature between 360 and 440 C with the growth rate fixed at 0.8 lm h
À1
. 2 The N contents of the relaxed films were determined from x-ray diffraction reciprocal space mapping to vary from 0.18% to 1.31%. The films in the second set were grown to thicknesses in the range 0.33 to 0.40 lm pseudomorphically on GaSb (001) substrates at the University of Warwick with N contents from x-ray diffraction of 0.56% to 2.32%, varied by altering the growth rate at a fixed growth temperature of 320 C. 11, 24 The optical properties of these samples are reported in Ref. 20 . The room temperature hole concentrations and mobilities, determined from Hall effect measurements for the epitaxial layers grown on semi-insulating GaAs substrates, are shown in Fig. 1 . The GaSb film grown on GaAs has a hole density of 2.6 Â 10 16 cm
À3
. The hole density in the GaNSb films on the same substrate is two orders of magnitude higher and increases with increasing N content from 1. for the GaNSb/GaAs films with a general trend of decreasing mobility as the hole density increases with N content. For the conventional Doppler broadening measurements presented in this study, a monoenergetic variable energy ð0:5 À 25 keVÞ slow positron beam was used. The setup was equipped with a HPGe (high-purity germanium) detector that had an energy resolution of 1.15 keV at 511 keV. For describing the results reported in this article, the conventional line-shape parameters S and W are used. 36, 37 The S parameter is defined as the fraction of annihilation events in the central region of the peak thus mainly describing positrons annihilating with low momentum valence electrons. The W parameter is defined in a similar manner as the fraction of annihilation events in the high momentum region. The S parameter window was set to jpj < 0.4 a.u. and the W parameter window to 1.6 a.u. < jpj < 4.0 a.u.
For materials with more than one positron annihilation state, e.g., materials with an epitaxial layer on a substrate, the line-shape parameters are a superposition of the different annihilation states weighted by the fraction of positrons annihilating at that certain state. By plotting the results in the S-W plane, the different annihilation states can be studied. If, for example, two annihilation states are present in the material, the measured results should lie on a straight line between the characteristic (S; W) values for these two states. The slope of the line and the (S, W) values are characteristic for the specific annihilation state and independent of the positron trapping fraction.
In order to improve the measured peak-to-background ratio and thereby achieve a higher statistical accuracy of the high-momentum region, coincidence Doppler broadening measurements were carried out. For detecting both annihilation photons, a variable energy slow positron beam equipped with a HPGe-detector with resolution 1.24 keV at 511 keV was gated by the signal from another detector. For carrying out the coincidence Doppler measurement at 60 K, a sample holder in thermal contact with a closed cycle helium cryostat was used. In order to probe the GaN x Sb 1Àx epitaxial layers, positron implantation energies of 2.5 and 10 keV were used for the $350 nm and $2 lm thick layers, respectively. For achieving statistical reliability, 10 6 and 10 7 annihilation events were collected for each measurement point for the conventional and coincidence measurements, respectively. For more details on the experimental technique, see Ref. 36 .
B. Computational
The momentum distributions for electron-positron pairs annihilating in different structures were calculated using 
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first-principle methods. In order to take into account the interaction between the positron and the electron in the solid, the so-called two-component density functional theory (DFT) was applied. 38 The positron is assumed not to affect the average electron density n À ðrÞ of the system and the zero-positron density limits (n þ ! 0) of the enhancement and electron-positron correlation energy functionals are used. For electron-electron exchange and correlation, the local-density approximation (LDA) is used. The Kohn-Sham equation of the single positron particle is solved in the potential
where the first term is the Hartree potential due to the electrons, V ext ðrÞ is the external potential caused by the nuclei, and V corr ðrÞ is the local density approximation for the electron-positron correlation potential at the limit n þ ! 0. The momentum distribution of the annihilating electron-positron pair is calculated using the state-dependent enhancement scheme, 39 in which a constant electron-statedependent enhancement factor c j is used. The momentum density qðpÞ is written as
where the summation runs over occupied Kohn-Sham orbitals w j ðrÞ for the electrons, w þ ðrÞ is the positron state corresponding to the potential of Eq. (1), r e is the classical radius of the electron, and c is the speed of light. The state dependent enhancement factor c j is the ratio
of the annihilation rates k j of the Boronski-Neiminen LDA (BN-LDA) and the independent particle model (IPM). The annihilation rates can be calculated by
where cðn À ðrÞÞ denotes the enhancement factor for a positron in a homogeneous electron gas with density n À ðrÞ. The positron lifetime is defined as the inverse of the annihilation rate
and can be calculated once the electron and positron densities n À ðrÞ and n þ ðrÞ are both solved. cðn À Þ denotes the enhancement factor 38 in the LDA. For the practical calculations presented in this work, the plane-wave code VASP 39 employing the projector augmentedwave (PAW) method 40 was used. The PAW implementation used in the momentum-density calculations 41, 42 was based on the VASP code. The positron was treated using the MIKA/ Doppler package. 43 All electronic structure calculations were performed using a 216-atom GaSb zincblende supercell. The defect structures were relaxed with a convergence criteria for forces of 0.01 eV/Å also taking into account the forces exerted on the ions by the localized positron. An energy cut-off of 283 eV was used for the binary structures of GaSb, whereas a cut-off of 400 eV was used for structures with nitrogen. For estimating the binding energies of nitrogen atoms to a Ga vacancy, an energy cut-off of 400 eV was used for all structures. Gallium 3d electrons were treated as valence electrons. The Brillouin zone was sampled with a 2 2 Monkhorst-Pack k-point mesh. The calculated spectra were then convoluted with the resolution of the Doppler measurements.
III. RESULTS AND ANALYSIS
A. Doppler broadening measurements on MBE-grown GaN x Sb 12x Figure 2 shows the measured line-shape S parameter as a function of positron implantation energy for the GaN x Sb 1Àx epitaxial layers grown on GaAs and GaSb, respectively. The mean positron implantation depth is also indicated. As can be seen from the figure, the S parameter decreases with increasing nitrogen content. For the epitaxial layers grown on GaSb, the decrease in S parameter is not as 
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significant as for the layers grown on GaAs; however, it is still visible at energies of 2-7 keV when most of the detected intensity is coming from positrons annihilating in the epitaxial layer. For both the layers grown on GaAs and on GaSb, the highest S parameter of each series corresponds to the sample without nitrogen in the epitaxial layer, namely, samples 1 and 7.
The W(S)-plot for the GaN x Sb 1Àx epitaxial layers grown on GaAs is illustrated in Fig. 3 . The measured points shown as larger symbols in the figure correspond to data measured at a positron implantation energy of 10 keV. The positron annihilation surface state is indicated in the figure, and the substrate state of GaAs not shown in the figure was measured as (0.537, 0.034). Due to the thickness of the layers, a considerable fraction of the positrons annihilate in the epitaxial layer even at the highest implantation energies, and the (S, W) value of substrate state is therefore not reached. When moving from the surface state towards the substrate state, the measured (S, W) values of the GaN x Sb 1Àx layers form a blunt triangle, indicating that the positron trapping into one type of defect is not in saturation but that the measured results are a superposition of the different annihilation states present in the material. 34, 44 A similar trend is seen in the measured (S, W) data for the GaN x Sb 1Àx layers grown on GaSb not shown here. Compared to the sharp turning points in the S-W plane of the results measured for the MBE-grown GaSb:Bi epitaxial layers in Ref. 34 , the fraction of positrons trapping into open-volume defects seem to be lower for the GaN x Sb 1Àx layers.
The coincidence Doppler broadening ratio curves for the GaN x Sb 1Àx layers measured at RT are illustrated in Fig. 4 . Positron implantation energies of 2.5 and 10 keV were used for probing the epitaxial layer grown on GaSb and on GaAs, respectively. For comparison, the ratio curve of the GaSb epitaxial layer grown without a Bi flux measured in Ref. 34 is shown in Fig. 4(b) . The measured data have been scaled to the spectrum of p-type Czochralski-grown bulk GaSb substrate measured at RT in Ref. 35 . The concentration of V Ga for the p-type GaSb was estimated to be 3 Â 10 16 cm À3 and the Ga Sb concentration was 2 Â 10 17 cm
À3
. When illustrating coincidence Doppler broadening data, the results are usually scaled to a defect-free bulk enabling the study of the details of the annihilation line. Since undoped GaSb is p-type with a measurable Ga vacancy and antisite concentration, a conventional defect-free reference is not available for scaling our measured results. However, using the p-type bulk GaSb substrate as in Fig. 4 produces ratio curves with the typical fingerprint of group III vacancies in III-V compounds. [45] [46] [47] [48] [49] For comparison, in Fig. 5 , the coincidence Doppler broadening results for the GaN x Sb 1Àx layers on GaAs along with the p-type bulk GaSb substrate have been scaled to sample 6. This sample was chosen due to its intensity at low momenta and corresponding S parameter being lower than that of the p-type bulk GaSb substrate. The structure of the ratio curves in Fig. 5 does not resemble any of the measured group III vacancy ratio curves. Hence, in the following, only the figures of the measured coincidence Doppler broadening results where the p-type bulk GaSb substrate is used as reference will be included in the discussion.
The measured ratio curves of the GaN x Sb 1Àx layers shown in Fig. 4 clearly differ from the p-type bulk GaSb substrate used as a reference. The structures of the curves have a A positron implantation energy of 10 keV was used for the layers on GaAs, and 2.5 keV for the layers on GaSb. The windows of the lineshape parameters are sketched. The inset in (a) shows the results from measurements at 60 K and RT for sample 6. The data are scaled to the p-type bulk GaSb substrate. 35 The dashed line indicates the reference. similar appearance as the ratio curves for the GaSb:Bi layers measured in Ref. 34 , indicating that Ga vacancy-type defects are present in this material as well. Also, the ratio of the Ga vacancy-type defects to the Ga antisite defect concentration seems to be higher than that of the p-type bulk GaSb substrate. Compared to the GaSb epitaxial layer grown without a Bi flux shown in Fig. 4(b) , the ratio curve of sample 1 without N has less structure. The lower intensity at low momenta and the smaller intensity dip at p > 2 a.u. indicates a decreased positron trapping into open-volume defects, as did the W(S) plot results shown in Fig. 3 . This is probably due to the different growth conditions of the two samples. For the samples with nitrogen in the epitaxial layer, an increase in intensity in the peak at $1.2 a.u. and a decrease in intensity at low momenta corresponding to the decrease in the S parameter can be seen when nitrogen is added. For both samples 5 and 6, the intensity at low momenta drops below that of the reference. A coincidence Doppler broadening measurement at 60 K was performed for the sample showing the most structure in Fig. 4(a) , namely, sample 6 with the highest N content of the layers grown on GaAs. The same positron implantation energy of 10 keV was used for this measurement. The result along with a RT measurement is illustrated in the inset of Fig. 4(a) . The change in temperature appears to have a very modest effect on the ratio curve. The intensity at low momenta slightly increases as the peak at $1.2 a.u. decreases. The similar appearance of the ratio curves measured at RT and 60 K for the GaN x Sb 1Àx layers indicates that the positron annihilation states in the material are the same for both measurements. The Ga vacancy-type defects seem to be able to compete in trapping positrons with the Ga antisites even at low temperatures.
B. Theoretical calculations
Momentum-distribution calculations of different open-volume structures and of nitrogen-related defects were performed within the DFT framework. The calculated open-volume structures consisted of a Ga vacancy-Ga antisite complex (V Ga À Ga Sb ), a divacancy (V Ga À V Sb ), and complexes consisting of a Ga vacancy and one, two, or four nitrogen atoms on the neighbouring antimony lattice sites (V Ga À N Sb ; V Ga À 2N Sb , and V Ga À 4N Sb ). The results are illustrated in Fig. 6 along with the calculated ratio curves of the V Ga and the V Sb performed in Ref. 34 . The data are scaled to the calculated defect-free GaSb lattice. The insets in Figs. 6(a) and 6(b) show the calculated positron lifetimes (s) in the structures. Generally, for comparison with experimental data, the difference s bulk À s defect gives a reliable value rather than the absolute values. 50 According to recent DFT calculations, 17, 51 the N Sb À N Sb pair is one of the most favourable configurations for N in GaN x Sb 1Àx along with the N Sb . Some experimental studies have also speculated on the N Sb À N Sb pair formation and in its possible bound states in the band gap. 20, 52 Structures consisting of an isolated nitrogen atom (N Sb ) and two nitrogen atoms on next-nearest-neighbour antimony lattice sites (N Sb À N Sb ) were therefore calculated. However, according to our calculations, these structures are not able to trap positrons.
From our calculated results, a larger open volume of the defect corresponds to a higher s value. This is to be expected since the positron lifetime is inversely proportional to the electron density encountered by the positron. 36 
085708-5
around the V Ga . This is in line with previous computational studies 17 showing that the Ga-N bond is much shorter than the Ga-Sb bond. Compared to the V Ga , the V Ga À 4N Sb complex, e.g., has therefore a larger open volume and a 83 ps higher s. A similar increase in the intensity at low momenta (p < 0.4 a.u.) corresponding to the S parameter is not observed. Instead, the intensity at low momenta decreases, while the s and the open volume of the defect increase with increasing number of neighbouring N atoms to the Ga vacancy. The conventional interpretation of the S parameter as an indicator of open-volume is thus not necessarily correct for strongly cation-anion-mismatched compounds such as GaNSb studied here, an observation already made in the case of InN. 47 Results obtained with the atomic superposition (ATSUP) method 53 for the calculated structures give information on the contributions of different electronic shells and their relative intensities in the Doppler broadening spectrum. The systematic trend in the ratio curves for the Ga vacancynitrogen complexes compared to the Ga vacancy visible in Fig. 6 (b) can be explained based on these results (not shown here). As the number of N per V Ga is increased, the number of neighbouring Sb atoms is in turn reduced. The decrease in the intensity at low momenta is due to the reduced positron annihilation with Sb 5p valence electrons. The peak seen at 1.2 a.u. is most pronounced for the V Ga À 4N Sb complex and is caused by an increased fraction of positrons annihilating with N 2p electrons. The reduced overlap between the positron wavefunction and that of the Sb 4d and Ga 3d electrons leads to the intensity dip at higher momenta (p > 2 a.u.).
Using the calculated total energies for structures in GaSb and GaN x Sb 1Àx , the relative binding energies for neutral Ga vacancy-nitrogen complexes could be estimated. However, binding energies for the corresponding charged defects could not be reliably estimated since the LDA used for the electron-electron exchange and correlation in our calculations substantially underestimates the band gap. The binding energy of n number of nitrogen atoms decorating a Ga vacancy relative to the case of a Ga vacancy and n number of structures consisting of a N antisite can be written as
where each term E½structure is the total energy calculated for that specific structure. For one N atom neighboring the Ga vacancy, the relative binding energy was estimated to be À0.21 eV, whereas the binding energy of two N atoms was À0.60 eV, and therefore the binding energy for a second N atom bound to the V Ga À N Sb complex was À0.39 eV. Here, the negative sign on the binding energy indicates that the total energy of the system is reduced and therefore that the nitrogen atoms are bound to the vacancy. The estimated binding energies for the complexes serve as an indicator that nitrogen bound to a Ga vacancy might be the more favorable configuration compared to neutral isolated Ga vacancies and N antisites in GaN x Sb 1Àx.
Comparing the calculated spectra with the experimental ones, the signal of the Sb vacancy-related defects shown in Fig. 6(a) is found to be very different from the measured results in Fig. 4 . For the ratio curves of the V Sb and the V Ga À V Sb , the rather high intensity at low momenta along with the low intensity in the vicinity of 1.2 a.u. rule these defects out as possible positron trapping defects in the studied layers. It is to be noted that the structure of these Sbrelated ratio curves are not in agreement with the measured ratio curves scaled to the GaN x Sb 1Àx layer illustrated in Fig. 5 . This provides additional confirmation of our choice of reference.
The calculated results for the Ga-vacancy related defects are in much better agreement with the experimental results. This is in line with the positron annihilation spectroscopy results for both bulk and epitaxial GaSb 34, 35 as well as with the interpretations presented above for the experimental data. The structure of the ratio curves consisting of the Ga vacancy-nitrogen complexes seems to be somewhat similar to the measured results for the epitaxial layers with nitrogen. The measured decrease in the intensity at low momenta and increase in the peak intensity at $1.2 a.u. with increasing N content agrees rather well with the calculated results for the complexes.
As stressed earlier, the reference of the measured results is not defect-free, whereas the calculated spectra are scaled to a defect-free lattice. In the p-type bulk GaSb substrate, both Ga vacancies and antisites act as positron traps. 35 The comparison between experimental data and calculated results should therefore be done while keeping this in mind. Also, since the measured results indicate that the positron trapping into one type of defect is not in saturation, the measured ratio curves correspond to superpositions of the different annihilation states in the epitaxial layers, whereas the calculated ratio curves correspond to those of single defect states.
C. Discussion
For the studied GaN x Sb 1Àx layers, a decrease in the line-shape S parameter and corresponding drop in the intensity at low momenta was measured with increasing N content for both epitaxial layers grown on GaAs and on GaSb. From the measured positron data, we conclude that similar types of positron trapping defects exist in both sets of samples; therefore, lattice mismatches do not play a significant role in neither the positron trapping nor in the increased p-type conductivity. Traditionally, a decrease in the S parameter has been interpreted as a reduction in the fraction of positrons trapping into open-volume defects. However, a change in the charge state of the defect can lead to a somewhat different S parameter since the atoms neighboring negative vacancies can relax inwards. 54 For the layers with N, the measured large increase in the p-type conductivity indicates an increase in negatively charged defects in the material. In addition to the increase in charged defects, the calculations indicate that the added nitrogen can also affect the shape of the annihilation line in the case of positrons localizing at or near to nitrogen atoms. Therefore, the conventional interpretation of the line-shape parameters might in this case not be suitable for the studied material.
From the coincidence Doppler broadening results of the GaN x Sb 1Àx layer measured at RT and 60 K, the decrease in temperature was concluded to have a very modest effect on the measured Doppler broadening ratio curve. As the temperature decreases, the charged states of the defects become less populated and the concentration of negative acceptor-type defects decreases. 23 The bulk study of GaSb suggests that the Ga Sb À1=0 ionization level is closer to the valence band edge than the corresponding level for the Ga vacancy. 35 A larger fraction of the Ga antisites are therefore expected to be negative compared to the Ga vacancies. For both negative ions and negative vacancies, the trapping coefficients at RT are of magnitude (10 15 À 10 16 ) s À1 and increase when the temperature decreases. The trapping coefficient of neutral vacancies is temperature-independent and of magnitude (10 14 À 10 15 ) s
À1
. 37 The similar appearance of the ratio curves measured at RT and 60 K for the GaN x Sb 1Àx layers indicate that measured signal corresponds to the same positron annihilation states at both temperatures. Therefore, the fraction of negative Ga vacancy-type defects seems to be large enough in order to effectively compete in trapping positrons with the negative antisites even at low temperatures.
Based on the above data of both measured and calculated results for the GaN x Sb 1Àx layers, the following explanation is proposed: the measured increase in the p-type conductivity with increased N content for the GaN x Sb 1Àx layers is related to a larger fraction of the acceptor-type defects in the material becoming negatively charged. This in turn is due the ionization levels of these defects being pinned to the conduction band edge. When nitrogen is added, the conduction band edge along with the ionization levels shift closer the valence band. Due to the high concentration of the acceptor-type defects, the Fermi level position in the band gap is largely defined by these defects and is expected to lie close to the À1=0 ionization levels of the acceptor-type defects. A slight change in this distance between the Fermi level and the ionization levels has, due to the steepness of the Fermi-Dirac distribution, a large impact on the fraction of negativity charged defects. Therefore, as the ionization levels shift closer to the valence band, a larger fraction of the acceptor-type defects becomes negatively charged and the p-type conductivity increases. Figure 7 schematically illustrates the band shift using the calculated results 17 for the ionization levels of GaSb as well as the measured bulk results, 35 suggesting that the À1=0 level of the Ga vacancy is higher than that of the Ga antisite.
The increase in the N content and in the fraction of negative defects is seen in our positron annihilation spectroscopy measurements as the somewhat differing Doppler broadening ratio curves for the GaN x Sb 1Àx layers. The similar appearance of the measured ratio curves to that of the GaSb:Bi layers presented in Ref. 34 indicates that positron trapping Ga vacancy-type defects are present in GaN x Sb 1Àx layers as well. Compared to the p-type bulk GaSb substrate, the ratio of the Ga vacancy-type defect concentration to the Ga antisite concentration is higher for the GaN x Sb 1Àx layers. As seen from the measurement at 60 K, the concentration of the Ga vacancy-type defects is high enough for a large fraction of the defects to be negative at low temperatures and effectively compete in trapping positrons with negative Ga antisites.
Beside the V Ga and Ga Sb defects acting as positron traps, the first-principle calculations presented in this study suggest that open-volume defect complexes consisting of a V Ga and nitrogen on the antimony lattice site could also be present in the material. The calculated negative binding energies indicate that the neutral Ga vacancy-nitrogen complexes being energetically more favourable structures compared to, e.g., the neutral Ga vacancy. The systematic trend of a decrease in the intensity at low momenta and increase in the intensity peak at 1.2 a.u. visible in the calculated spectra when adding neighbouring N atoms to the V Ga is also in line with experimental data. However, the change in the fraction of negative Ga vacancy and antisite defects could also have a similar effect on the ratio curves. Also, the binding energies of negative Ga vacancy-nitrogen complexes compared to that of the negative Ga vacancy were not estimated. The À1=0 ionization level position of the Ga vacancy-nitrogen complexes to that of the Ga vacancy will ultimately determine the effect of these complexes on the p-type conductivity and on the positron annihilation signal. Positron lifetime measurements using a pulsed positron lifetime beam could possibly shed some more light on the concentration of different Gavacancy type defects in the GaN x Sb 1Àx layers.
In order to explain the increased p-type conductivity and the results measured in this study, the concentrations of both the negative Ga antisites and the negative Ga vacancy-type defects have to increase with increasing N content. . The measured signal should therefore correspond to saturation trapping of positrons into these open-volume defects. 36 Since the measured results for the layers indicated that the positron trapping into open-volume defects is not in saturation, and this line of thought can be dismissed.
IV. CONCLUSIONS
In conclusion, MBE-grown GaN x Sb 1Àx layers on GaSb and on GaAs substrates have been studied using positron annihilation spectroscopy in Doppler broadening mode. Using first-principle methods, momentum distributions of annihilating electron-positron pairs for different defect structures in GaSb and GaN x Sb 1Àx have been performed and binding energies of neutral nitrogen-related complexes have been estimated. Based on the results, the increase in the ptype conductivity for the GaN x Sb 1Àx layers is explained by an increase in the fraction of negative acceptor-type defects. As the band gap decreases with increasing N content, the ionization levels of the acceptor-type defects move closer to the valence band. Ga vacancy-type defects are concluded to be present in these layers and the concentration of these open-volume defects compared to that of the Ga antisites to be higher than in the bulk p-type GaSb substrate. Beside Ga vacancies and Ga antisites acting as positron traps, the firstprinciple calculations suggest that open-volume defect complexes consisting of a gallium vacancy and nitrogen on the antimony lattice site could also be present in the material.
